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ABSTRACT 

May 22 ,  1964 

These s t u d i e s  conclude t ha t  p r o p e l l a n t  l o a d i n g  can 
be  accomplished t o  e s s e n t i a l l y  t h e  accura.cy o f  t h e  mass s e n s o r  
and t h e  c a l i b r a t i o n  of  t h e  t ank  wi thou t  r e q u i r i n g  a separate 
major d i g i t a l  computer. The work s u p p o r t s  a recommendation t o  
use  an a n a l o g  c o n t r o l  s y s t e m  w i t h  mon i to r ing  by  t he  Launch 
C o n t r o l  Computer. 

Mass s e n s o r s  and t ank  c a l i b r a t i o n  means which have 
s u f f i c i e n t  a c c u r a c i e s  t o  a l low comple t ion  of  t h e  p r o p e l l a n t  
l o a d i n g  task  p r i o r  t o  p r e s s u r i z a t i o n  would s i g n i f i c a n t l y  
s i m p l i f y  o p e r a t i o n a l  p rocedures ,  and shou ld  be made t h e  
o b j e c t i v e  of an a c t i v e  development program. 
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PROPELLANT L O A D I N G  SYSTEM STUDIES 

1. I n t r o d u c t i o n  

S t u d i e s  have been made by Bellcomm r e l a t i v e  t o  
f e a t u r e s  of t h e  P r o p e l l a n t  Loading Sys tem t h a t  i s  t o  be used  
i n  l o a d i n g  t h e  p r o p e l l a n t s  i n  S a t u r n  V l aunch  v e h i c l e  s t a g e s  
a t  Cape Kennedy, These formed a pa r t  o f  a r ev iew o f  t h i s  
t o t a l  s y s t e m  conducted by  t h e  Launch Suppor t  E n g i n e e r i n g  
D i v i s i o n  o f  t he  Kennedy Space Cen te r ,  

These s t u d i e s  c e n t e r e d  on s p e c i f i c  areas of  t h e  
p r o p e l l a n t  l o a d i n g  system, but  were k e p t  s u f f i c i e n t l y  broad  
s o  t h a t  t he  i n f l u e n c e  of  t h e  e f f e c t i v e n e s s  o f  t h e  complete 
l o a d i n g  s y s t e m  would be unders tood ,  

The o r i g i n a l  broad q u e s t i o n s  which p r e c i p i t a t e d  
a r ev iew inc luded :  

1. Is a s e p a r a t e  major  d i g i t a l  computer ( G E  236)  
r e q u i r e d  t o  accomplish p r o p e l l a n t  l o a d i n g ?  

2.  W i l l  t h e  planned s y s t e m  meet t h e  l o a d i n g  
a c c u r a c i e s  r e q u i r e d ?  

30 Are there a l t e r n a t e  methods o f  accompl ish ing  
the  task o r  p o r t i o n s  o f  t h e  task which might 
be employed t o  reduce  complexi ty  b u t  s t i l l  
meet o p e r a t i o n a l  r equ i r emen t s?  

Bellcomm was asked t o  g i v e  c o n s i d e r a t i o n  t o :  

1, t h e  e f f e c t  of mass s e n s o r  a c c u r a c i e s  on t h e  
ground l o a d i n g  s y s t e m ,  

2 ,  t h e  e f f e c t  of mass s e n s o r  n o i s e  on t h e  ground 
lnad ing  systemi 

3. t h e  dynamics o f  t h e  c ryogen ic  r e p l e n i s h  and 
t o p p i n g  systems, 

4. t he  magnitude o f  t h e  tasks r e q u i r e d  o f  a 
d i g i t a l  c o n t r o l  computer s y s t e m ,  and 

5 0  c o n c e p t u a l  s o l u t i o n s  u s i n g  r e s p e c t i v e l y  t h e  
d i g i t a l  launch c o n t r o l  computer ( R C A  l l O A )  
and a n a l o g  s e r v o  sys tems t o  accompl ish  t h e  
task,  
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20 1 Mass Sensor s  - Tank C a l i b r a t i o n s  

Four t y p e s  of s e n s o r s  which can be used  t o  measure 
the  mass o f  p r o p e l l a n t  i n  a t a n k  are v e n t e d  c a p a c i t a n c e  p r o b e s ,  
manometer ( c l o s e d - s i d e s )  c a p a c i t a n c e  p robes ,  d i f f e r e n t i a l  
p r e s s u r e  (A-p) s e n s o r s ,  and p o i n t  l e v e l  s e n s o r s ,  

F u l l  l e n g t h  vented p robes  are p lanned  f o r  t h e  S-IVB, 
f u l l  l e n g t h  manometer probes f o r  t h e  S-11, s h o r t  l e n g t h  ( t o p  5%)  
p r o b e s  f o r  t h e  S-IC, A-p f o r  t h e  S-I and S-IB,  and p o i n t  l e v e l  
s e n s o r s  f o r  d i s c r e t e  s i g n a l s  from each  o f  t h e s e  stages. 

Senso r s  of  these t y p e s  have been shown t o  be  c a p a b l e  

However, 

o f  g i v i n g  a c c u r a c i e s  i n  t h e  r ange  0,l - loo%, 
p r o b a b l e  t h a t  S a t u r n  V s e n s o r  system a c c u r a c i e s  w i l l  f a l l  i n  
the 0 0 2 5  Q 0 0 5 0 %  l o a d i n g  accuracy  requi rement  r ange .  
because  o f  t h e  l a c k  o f  tes t  data, t h i s  s t a t e m e n t  must be  
regarded as a n  e s t i m a t e ,  

It appears 

Two c ryogen ic  p r o p e l l a n t  c h a r a c t e r i s t i c s  which 
a f f e c t  mass s e n s o r  accuracy  s i g n i f i c a n t l y  are p r o p e l l a n t  
d e n s i t y  and p r o p e l l a n t  b o i l i n g ,  The e f f e c t s  of these  are 
augmented i n  t a n k s  o f  non-uniform c r o s s  s e c t i o n ,  T h i s  i s  
i m p o r t a n t  i n  S a t u r n  V t a n k s  as t h e  1 0 0 %  l e v e l s  o f  p r o p e l l a n t s  
are i n  t h e  h e m i s p h e r i c a l  t a n k  domes, The i n f l u e n c e s  o f  
d e n s i t y  on t h e  c a p a c i t a n c e  p robes  and on t h e  A-p probe  are 
e x p e c t e d  t o  j u s t i f y  d e n s i t y  d e t e r m i n a t i o n s  so  t h a t  c o r r e c -  
t i o n s  may be made., 

The b o i l i n g  o f  t h e  p r o p e l l a n t s  c a u s e s  t u r b u l e n c e  
and waves which w i l l  r e s u l t  i n  a , c ,  n o i s e  on t h e  s e n s o r  ou t -  
p u t s ,  p a r t i c u l a r l y  on t ha t  o f  t h e  ven ted  p robe ,  Also, bubb les  
i n  t h e  l i q u i d  w i l l  t e n d  t o  ra i se  t h e  l e v e l  of  t h e  l i q u i d  s u r -  
f a c e  and r e s u l t  i n  a bias o r  s h i f t  i n  t h e  s e n s o r  o u t p u t s ,  
This  e f f e c t  i s  a l s o  expec ted  t o  be greater  i n  t h e  ven ted  probe  
t h a n  i n  the  manometer probe o r  t h e  A-p s e n s o r ,  The e f f e c t s  
of b o i l i n g  w i l l  b e  f u n c t i o n s  o f  t h e  b o i l - o f f  ra te  which i n  
t u r n  i s  a f u n c t i o n  o f  the  weather, These e f f e c t s  are e x p e c t e d  
t o  disappear r a p i d l y  upon p r e s s u r i z a t i o n  of’ t h e  t ank ,  

A p o i n t  t o  be emphasized i s  t h a t  t h e  development 
programs are a t  stages where t h e  u l t i m a t e  mass s e n s o r  s y s t e m  
and t a n k  c a l i b r a t i o n  a c c u r a c i e s  f o r  S a t u r n  V have n o t  y e t  
been e s t ab l i shed ,  

’See Reference  L i s t  
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3 0  Cryogenic F i l l i n g  Sys tem Dynamics 

Replenishment o f  c ryogenic  p r o p e l l a n t s  l o s t  due t o  
b o i l - o f f ,  and f i n a l  ad jus tment  ( t o p p i n g )  of  t he  mass t o  the  
f l i g h t  va lue ,  are two c l o s e d  loop  c o n t r o l  p r o c e s s e s ,  The 
amount of t h e  f u e l  i n  t h e  t ank  must b e  s e n s e d ,  compared a g a i n s t  
a r e f e r e n c e ,  and t h e  d i f f e r e n c e  used t o  c o n t r o l  l i q u i d  f low 
i n t o  t h e  t a n k ,  

Examinat ion2 of t h e  c o n t r o l  s y s t e m s  t o  accomplish 
these tasks i n c l u d e d  a n a l y t i c a l  s t u d i e s  and d i g i t a l  computer 
s i m u l a t i o n s ,  The s i m u l a t i o n s  v e r i f i e d  the r e s u l t s  of  t h e  
a n a l y t i c a l  s t u d i e s ,  

Parameters impor t an t  i n  t h e  s t u d y  work i n c l u d e d  t h e  
r a t e  a t  which t h e  s e n s o r  was sampled b y  t h e  DDAS (PCM) s y s t e m ,  
t h e  amount o f  f i l t e r i n g  o r  ave rag ing  o f  t h e  s i g n a l s  r e q u i r e d  
t o  s u i t a b l y  reduce  mass r e a d i n g  n o i s e ,  t h e  r a t e  a t  which d i f -  
f e r e n c e s  from des i r ed  mass should  b e  c o r r e c t e d  by t h e  c o n t r o l  
sys tem,  t h e  f requency  w i t h  which new v a l v e  f low ra tes  shou ld  
be c a l c u l a t e d ,  and t h e  e f f e c t  of  u s i n g  a d i g i t a l  r a t h e r  t h a n  
an a n a l o g  ( o r  con t inuous  c o n t r o l )  v a l v e ,  

The c a p a c i t o r  probe s e n s o r  n o i s e  used  was d e r i v e d  
from r e c o r d s  i n c l u d i n g  t h o s e  of  t h e  l i q u i d  hydrogen l o a d i n g s  
of t h e  S-IV s t a g e  o f  SA-5, These were i n t e r p r e t e d  t o  g i v e  a 
wors t -case  v a l u e  f o r  S a t u r n  V c ryogen ic  s e n s o r s c  

The f o l l o w i n g  remarks a r e  d i r e c t e d  t o  t h e  r e p l e n i s h  
c o n t r o l  s y s t e m ,  It must c o r r e c t  any d i s c r e p a n c i e s  a c c u r a t e l y ,  
b u t  i t  i s  n o t  r e q u i r e d  t o  do s o  q u i c k l y ,  T h i s  leads t o  t h e  
u s e  of  a r e l a t i v e l y  slow c o n t r o l  s y s t e m ;  t h e  s y s t e m  s t u d i e d  
approaches  t h e  r e f e r e n c e  l e v e l  e x p o n e n t i a l l y  w i t h  a t i m e  
c o n s t a n t  of  f i v e  minutes ,  T h i s  p r o v i d e s  a n a t u r a l  means f o r  
r e d u c t i o n  of the  e f f e c t s  of  n o i s e  on mass s e n s o r  s i g n a l ,  

Other pa rame te r s  a s s i g n e d  i n c l u d e d  a v a l v e  c a l c u l a -  
t i o n  and s e t t i n g  i n t e r v a l  of 15 seconds ,  and t h e  use  o f  a 
d l g i t a l  va lve  hav ing  32 uniform stepsG 

r e p l e n i s h  c o n t r o l  sys tem a r e  shown i n  Table 1 and are small 
i n  comparison t o  t h e  ground equipment e r r o r  a l lowance  of 

The mass e r r o r s  d i s c l o s e d  by t h e  s t u d y  of  t h e  

0 0 3 X o  

*See Reference  L i s t ,  
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Some remarks are now d i r e c t e d  t o  t h e  t o p p i n g  c o n t r o l  
sys tem,  The sys tem ana lyzed  i s  t h e  one b e i n g  c o n s i d e r e d  f o r  
u s e  i n  comple t ing  t h e  l o a d i n g  of t h e  S-I1 and S-IVB stages 
a f te r  p r e s s u r i z a t i o n  o f  t h e  t a n k s ,  It c a u s e s  t h e  p r o p e l l a n t  
mass t o  i n c r e a s e  from a va lue  j u s t  below f l i g h t  l o a d ,  t o  
f l i g h t  l o a d ,  by runn ing  a t  f u l l  r e p l e n i s h  v a l v e  rate.  F u l l  
r e p l e n i s h  f low s tar ts  a t  t a n k  p r e s s u r i z a t i o n  and c o n t i n u e s  
u n t i l  t h e  f i l t e r e d  v a l u e  from t h e  mass s e n s o r  matches t h e  
r e f e r e n c e  mass, T h i s  s i g n a l s  cu t -o f f  of  p r o p e l l a n t  f low and 
indicates f l i g h t  l o a d ,  

P r i n c i p a l  pa rame te r s  i n  t h i s  t o p p i n g  c o n t r o l  sys tem 
are s e n s o r  n o i s e ,  sampl ing  ra te ,  n o i s e  f i l t e r  c o n s t a n t s  and 
t h e  time i n t e r v a l  between comparisons o f  measured mass and 
r e f e r e n c e  mass, The v a l u e s  a s s i g n e d ,  and t h e  r e s u l t s  o f  t h e  
analysis  are shown i n  Table  2 ,  The mass e r r o r s  shown i n  
t h i s  t ab le  are a l s o  small i n  comparison w i t h  t h e  ground 
equipment e r r o r  a l lowances  o f  003& 

The mass ad jus tment  t ha t  can b e  made d u r i n g  f i n a l  
t o p p i n g  has been c a l c u l a t e d  and i s  shown i n  Table 3. The 
c a l c u l a t i o n s  are based on the  maximum r e p l e n i s h  r a t e  b e i n g  
set  a t  th ree  t i m e s  t h e  expec ted  b o i l - o f f  ra te ,  

The small amount of mass ad jus tmen t  p o s s i b l e  imposes 
a t i g h t  requi rement  on accuracy  o f  mass d e t e r m i n a t i o n  p r i o r  
t o  p r e s s u r i z a t i o n ,  I n  f a c t ,  t h e  accu racy  r e q u i r e d  t o  make 
t h i s  t o p p i n g  system feasible  p r a c t i c a l l y  e l i m i n a t e s  t h e  need 
f o r  t o p p i n g ,  

4, D i g i t a l  Computer Load 

After examining t h e  v a r i o u s  f u n c t i o n s  o f  t he  pro- 
p e l l a n t  l o a d i n g  s y s t e m  and i d e n t i f y i n g  t h o s e  t ha t  s h o u l d  be 
a s s i g n e d  t o  a c e n t r a l  d i g i t a l  computer,  a s t u d y 3  was made 
o f  t h e  computer t ime  l o a d s ,  

The s t u d y  i n c l u d e d  t h e  o p e r a t i o n a l  r e q u i r e m e n t s  
a r i s i n g  from t h e  act ioi is  iiecessary t o  load,  replenish and 
t o p  o f f  t h e  v a r i o u s  t a n k s ,  p l u s  d i s p l a y ,  c o n t r o l ,  g e n e r a t i o n  
o f  d i s c r e t e s ,  and t h e  test and s i m u l a t i o n  r e q u i r e m e n t s  needed 
t o  prepare t h e  system and check i t s  per formance ,  

I n d i v i d u a l  t i m e  e s t i m a t e s  o f  GE 236 and RCA l l O A  
l o a d i n g  were o b t a i n e d  by w r i t i n g  programs f o r  t h e  t i m e  c r i t -  
i c a l  tasks ,  and e s t i m a t i n g  runn ing  t ime  f o r  t h e  r ema in ing  tasks,  

3See Reference  L i s t  
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The t o t a l  t i m e  estimates are 1 .7% f o r  t h e  GE 236 
and 12.9% f o r  t h e  RCA l l O A .  

An 8000 word memory would be  needed w i t h  e i t h e r  
computers  

50 

the  

6 ,  

t h e  

Use of  S e p a r a t e  D i g i t a l  Computer 

The GE 236 can be used  i n  t h e  ground p o r t i o  o f  
l o a d i n g  s y s t e m  and w i l l  accompl ish  t he  task w e l l .  4 
Use of Launch C o n t r o l  Computer 

p r o p e l l a n t  l o a d i n g  system t o  a l l o w  t h e  Launch C o n t r o l  
No s i g n i f i c a n t  equipment w i l l  have t o  be added t o  

- -  
C e n t e r  R C A  l l O A  t o  r e p l a c e ' t h e  GE 236 computer f o r  t h e  task. 
The p r o p e l l a n t  l o a d i n g  s e n s o r  data, a l r e a d y - o n  DDAS,  can be  
t r a n s f e r r e d  t o  t h e  computer a t  a one p e r  second ra te ,  Valve 
o r d e r s  i n  d i g i t a l  form, and s y s t e m  d i s c r e t e s ,  may b e  s e n t  
o v e r  t h e  already p lanned  t r a n s m i s s i o n  s y s t e m s  t o  t h e  Pad 
Termina l  Connect ion Room a n d  t h e  Launcher-Umbilical  Tower. 

7 0  Gse of Analog C o n t r o l  Servos 

Analog c o n t r o l  systems can be used  t o  a c h i e v e  
s a t i s f a c t o r y  c o n t r o l  of r e p l e n i s h i n g  and t o p p i n g .  The a n a l o g  
mass s i g n a l  can be compared a g a i n s t  a r e f e r e n c e  and t h e  
d i f f e r e n c e  used  t o  c o n t r o l  t h e  r e p l e n i s h  v a l v e .  Mass s i g n a l s  
may a l s o  be  t r a n s m i t t e d  t o  r a t i o m e t e r s  which w i l l  g e n e r a t e  
s i g n a l s  f o r  c o n t r o l  of  t h e  p r o p e l l a n t s  and gases ne tworks ,  
as wel l  as f o r  mass readou t  and d i s p l a y .  

8 ,  D i s c u s s i o n s  and Conclusions 

Ground Loading System 

Using e x i s t i n g  ar ts  each  of t h e  sys tems c o n s i d e r e d  
can be  made t o  meet the  ground l o a d i n g  sys tem r e q u i r e m e n t s ,  
a h & u  ir: p a r t i c u l a r .  t h e  gmufid s y s t e m  accuracy  r equ i r emen t s  

The use  o f  a GE 236 computer r e s u l t s  i n  t h e  greatest  
hardware complexi ty ,  t h e  use o f  t h e  RCA l l O A  r e s u l t s  i n  t h e  
least  complexi ty  and t h e  ana log  sys t em i s  i n t e r m e d i a t e  between 

Reference  4 d i s c u s s e s  ground equipment c o n f i g u r a t i o n s .  4 
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t h e  two, Based on t h e s e  c o n s i d e r a t i o n s  a l o n e ,  the  RCA llOA 
s o l u t i o n  i s  most a t t r a c t i v e ,  fo l lowed  by t h e  a n a l o g  s y s t e m  
and GE 236 i n  t h i s  o r d e r ,  However, some o f  t h e  RCA l l O A  
advantage  ove r  t h e  ana log  s y s t e m  i s  o f f s e t  b y  a s o f t w a r e  
development e f f o r t ,  Furthermore,  t h e  RCA llOA system and t h e  
p r o p e l l a n t  l o a d i n g  s y s t e m  a r e  b e i n g  des igned  and developed by 
d i f f e r e n t  C e n t e r s ,  

I n  comparing t h e  RCA llOA s y s t e m  w i t h  t h e  a n a l o g  
sys tem,  t h e  c h o i c e  l i e s  between a moderate  amount o f  s i m p l i -  
f i c a t i o n  coupled  w i t h  an  invo lved  i n t e r - c e n t e r  i n t e r f a c e  
problem on one hand and somewhat greater  hardware complexi ty  
on t h e  o t h e r ,  Bellcomm concurs  w i t h  and s u p p o r t s  the recom- 
mendat i o n s 5  of the Launch Support  E n g i n e e r i n g  D i v i s i o n  Study 
t o :  

1. s e l e c t  t h e  ana log  s y s t e m  t o  accompl ish  t h e  
p r o p e l l a n t  l o a d i n g  t a s k ,  and 

2 ,  use  t he  RCA l l O A  s y s t e m  t o  mon i to r  t h e  s t a t u s  
o f  t h e  p r o p e l l a n t  l o a d i n g  s y s t e m ,  

Mass, Senso r s  - Tank C a l i b r a t i o n s  

I n  
were r eached  

1, 

20 

2132-CCW-cak 

t h e  cour se  o f  t h e  s tudy  work o t h e r  c o n c l u s i o n s  
by Bellcomm: 

P r a c t i c a l  means are a v a i l a b l e  t o  r educe  t h e  
e f f e c t s  of t h e  a , c ,  n o i s e  from t h e  s e n s o r  t o  
a n e g l i g i b l e  mass e r r o r ,  

U l t i m a t e  l o a d i n g  sys tem a c c u r a c i e s  are n o t  
known, I n  t h e  p r e s e n t  s ta te  of development,  
s e n s o r  and tank  c a l i b r a t i o n  a c c u r a c i e s  are 
l i m i t i n g  and d o  n o t  meet S a t u r n  V requirements. ,  

Mass s e n s o r  and t a n k  c a l i b r a t i o n  development 
o b j e c t i v e s  should  i n c l u d e  r e q u i r e m e n t s  f o r  
r equ i s i t e  accuracy i n  u n p r e s s u r i z e d  t a n k s  
t o  a c h i e v e  s i g n i f i c a n t  s i m p l i f i c a t i o n s  i n  
equipments  and i n  o p e r a t i o n s ,  

C ,  C ,  W i l l h i t e  

'These recommendations have s u b s e q u e n t l y  been approved. 
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